Alpine meadow is the predominant ecosystem in Qinghai-Tibet Plateau. The firm turf of alpine meadow formed by sub-surface anfractuous roots can be effective in conserving water and soil. Alpine meadow is a primary contributor to the Chinese Water Tower. For quantitative assess anti-erosion ability of alpine meadow, this paper selected three typical meadow slopes with >60% vegetation coverage to evaluate soil erosion rates using 137 Cs. The results showed that (1) soil erosion intensity of typical alpine meadow was slight to light. Erosion rates were 464 t km -2 a -1 in Malong Village, 415 t km -2 a -1 in Yeniugou Town and 875 t km -2 a -1 in Zhenqin Town respectively; (2) soil erosion rates were correlated negatively with vegetation coverage, and the relationship was clearer at the slope scale than plot scale; (3) the relationship between soil erosion and vegetation coverage showed that vegetation coverage was a predominant factor in retaining soil and water on slopes. With complete turf and high vegetation coverage, alpine meadow was of great significance for soil conservation and prevention of soil erosion. 
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Cs is a good tracer of soil erosion, and a simple mathematical relationship can be established to calculate soil erosion or deposition rates by measuring the change and distribution of 137 Cs across vertical profiles and cross sections. Many researchers have made significant contributions using 137 Cs in different research areas since the 1970s. These included quantitative soil erosion research on the Loess Plateau [4] , the spatial distribution of soil erosion and deposition and comparison *Corresponding author (email: liujy@igsnrr.ac.cn) of soil erosion intensity under different land uses [5, 6] , quantitative research on sloping farmland in important soil and water loss regions of the upper Yangtze River [7, 8] , characteristic of soil erosion and deposition in the black soil region [9] , 137 Cs distribution in vertical profiles in the red soil region [10] , and soil erosion research on different land use cover changes in the red soil hilly region [11] . Some nuclide tracer researches has been conducted on the Qinghai-Tibetan Plateau, but most were wind erosion studies focused on dunes, grasslands and other sandy landscapes [12] [13] [14] [15] . Similar studies have been conducted on grassland transects across the Mongolian Plateau [16] [17] [18] .
Water erosion research has not previously been addressed to any great extent in Dari County, Qinghai Province [19] . The hinterland of the Qinghai-Tibetan Plateau, which contains the headwaters of the Yangtze, Yellow and Lancang rivers, is the highest and largest plateau wetland ecosystem. Ecosystem types include rivers, lakes, marshes, jokuls and glaciers, what's more, the region also has one of the highest biodiversity hotspot in the world. Grassland is the main ecosystem in the region, covering 65.37% of total area [20] . Alpine meadow is the main grassland type accounting for 76% of total grassland. The firm turf formed by sub-surface anfractuous roots is effective in conserving water and soil, contributing to maintaining the "China Water Tower". Quantitative assessment soil erosion using 137 Cs in the typical alpine meadows is of great importance in revealing the mechanism of water and soil conservation in these areas.
Study area
Plots are located in Maduo County of the source region of the Yellow River, in Chengduo County of the source region of the Yangtze River, and in Yushu County of the source region of the Lancang River. Average altitude is >4200 m above sea level. Vegetation type is typical alpine meadow associated with meadow soils. Climate type is typical continental, with alternating cold and hot seasons, clear wet and dry seasons, long sunlight hours and intense radiation. The annual average temperature and precipitation are -3.76°C, 316 mm in Maduo, -4.66°C, 508 mm in Chengduo, and 3.29°C, 479 mm in Yushu, respectively.
Data and methods

Sample collection and analysis
Soil samples were collected in July 2008 (Figure 1 and Table 1). The double slope line method, which two parallel transects were laid downslope with 15 to 30 m intervals, was used, and on each transect 7 to 9 sample points were plotted. Considering the distribution of 137 Cs was shallow in grassland soil, generally less than 15 cm [14, [16] [17] [18] , the sampling depth of 24 cm was identified. A 90 mm diameter auger was used to collect. 137 Cs samples were excavated using a 18 cm × 25 cm container to 24 cm depth, and were collected in 2 to 6 cm increments (0-2, 2-4, 4-6, 6-8, 8-12, 12-18, and 18-24 cm) in the middle of the slope line. Bulk density samples were collected by ring shear, with five replicates from each slope. Vegetation composition, coverage, height and biomass were assessed by quadrat survey.
Soil samples were air-dried, ground, and sieved to 2 mm to remove plant residue and gravel. Samples, at least 250 g, were weighed and sent to the Laboratory of Radiation and Environment in China University of Geosciences to measure 137 Cs activity. 137 Cs activity was determined by calculating the whole peak area of γ radial at 662 keV, detected by Ametek gamma spectrometers (HPGe, Despec). The relative detection efficiency was 30%. The energy resolution was 1.67 keV for 60 Co 1.33 MeV. The lowest limit of detection was 0.77 Bq kg -1 . The accumulative measurement time was between 11033 s and 38100 s for each sample, and was greater than 15000 s for samples with activity above zero. The standard error during the test was ±5% (at 95% confidence).
Calculation of soil erosion using 137
Cs
The specific activity of soil bulk density and plot depth. For each plot the areal activity of 137 Cs was the total activity from the soil surface to the depth, in which 137 Cs was not detected anymore. This can be calculated by [21] : Models, using 137 Cs activity to compute soil erosion, have been developed around the world, and the profile model was one classical model [22] . In this model, the distribution of 137 Cs in the soil profile was presumed to have an exponential distribution on undisturbed land, and a maximum 137 Cs transmission diffusion process, further improved the precision of calculating erosion rates. This soil erosion model was:
where K, which can be calculated by Cs in an uneroded soil profile since nuclide deposition [25] , is an important basis for soil erosion calculation. Inventory samples were collected in three plots of typical alpine meadow, with flat terrain, no erosion and deposition. These plots had compact roots and high vegetation coverage from 90% to 100%. Each inventory sample consisted of one layered sample and four gross samples, and was collected using the same sampling methods as the slope samples.
The profile distributions of inventory 137 Cs presented exponential curves caused by diffusion processes [24, 26] . The highest inventory 137 Cs activity was higher than the activity of slope samples (Figure 2) .
To test the reliability of the inventory 137 Cs, we compared our results with the simulated inventory modeled by Walling and He [23] . The 137 Cs inventory in this study showed no big differences with results obtained by Yanping [12, 13] and Zhang [14, 15] on Gonghe Basin ( 
Results and discussion
Soil erosion characteristics of typical alpine meadows in Qinghai-Tibet Plateau
The slope S1 was located in Malong village, where the soil type was alpine meadow soil. In this place, roots were distributed primarily at 0 to 15 cm depth, particularly at 0 to 10 cm. Soil depth ranged from 18 to 30 cm, and underlain by abundant clastic gravel slope wash. Vegetation coverage reached 84% and had a height of 2-5 cm. Vegetation types were mainly alpine meadow species such as Kobresia humills, Kobresia humilis Serg., Polygonum viviparum Linn. and associated with Saussurea pulchra Lipsch., Gentiana straminea Maxim., Potentilla nivea Linn., and Scirpus distigmaticus (Kukenth.) Tang et Wang.
Erosion rates on different parts of slopes differed (Table 3) . On upper slopes where gradient was 10° (S1-01-S1-03), the farther away from the top of the slope, the erosion rate was higher. Almost no erosion occurred in the uppermost S1-01. Vegetation coverage in S1-03 was the lowest at 75%, and the largest erosion rate was 945 t km -2 a -1
. The mid-slope gradient was 5° (S1-04-S1-06). No significant differences in erosion intensity were observed, although erosion , lower than S1-03 because of lower gradient. The erosion rates of S1-07-S1-09 were slightly lower than the upper slope, and ranged between 491 t km -2 a -1 and 533 t km -2 a , and was 606 t km -2 a -1 excluding S3-04. The former represented net soil loss intensity across the whole slope while the latter showed the influence of erosion on the Yeniugou slope. Excluding the accumulation plot, average erosion intensity of sites with vegetation coverage 90% (S3-01 and S3-02) was 368 t km -2 a -1
. In the sites where vegetation coverage was between 80%-90%, (S3-03, S3-06, S3-07) the erosion intensity was 429 t km -2 a -1 . The plot S3-05 with minimum vegetation coverage of 75% had the highest erosion intensity of 1614 t km -2 a -1 .
Relationships between soil erosion and vegetation coverage on typical alpine meadow slopes
Differences in soil erosion intensity (Tables 1 and 4) can be interpreted by comparing the three study sites. Yeniugou, with the lowest precipitation and maximum vegetation coverage, had the lowest average erosion rate caused by the Cs on alpine meadow of Qinghai-Tibet Plateau. concave terrain. Malong, with minimum gradient and medium vegetation coverage, the erosion rate was moderate. Zhenqin had the highest soil erosion rate which was caused by maximum precipitation and minimum vegetation coverage. Based on these analyses, it is concluded that precipitation, vegetation coverage and terrain had appreciable impact on soil erosion. On the slope scale, there was a negative correlation between soil erosion rate and vegetation coverage (Table 4 ). The higher the vegetation coverage, the smaller the average erosion rate (R 2 = 0.9863 where P<0.01). We conducted correlation analysis among erosion rates, gradient and vegetation coverage. No specific correlation between soil erosion rates and gradient (excluding one accumulation point) existed at the plot scale. However, there was an obvious negative correlation between soil erosion rates and vegetation coverage (R 2 = 0.555 where P<0.01; Figure 3 ). This indicated that vegetation coverage had the most obvious impact on alpine meadow erosion intensity of all the factors influencing soil erosion. This can be explained by the characteristics of alpine meadow, in which aboveground biomass was relatively small but underground biomass was large. The high density of tough roots distributed in the sub-surface played an important role in preventing intensive soil erosion. Vegetation coverage determined growth status and in turn tightness of the root system, and high vegetation coverage tended to prevent erosion.
Conclusions
Based on the former discussion and analysis, we concluded that:
(1) The three typical alpine meadow slopes studied in this paper had intact turf and high vegetation coverage. The lowest measured soil erosion rates on the three slopes were 464 t km -2 a -1 , 875 t km -2 a -1 and 415 t km -2 a -1 in Malong Village, Yeniugou Town and Zhenqin Town, respectively. According to the current soil erosion classification [28] , Malong and Yeniugou slopes were classified as experiencing a micro-degree of erosion, and Zhenqin had slight erosion.
(2) Soil types of the three slopes were similar. Differences in soil erosion rate were influenced mostly by vegetation coverage at the slope scale. The higher the vegetation coverage, the smaller the average erosion rate. Soil erosion rates had no obvious correlation with gradient at the plot scale but they had a negative correlation with vegetation coverage. Figure 3 Relationship between soil erosion rates and vegetation coverage of typical alpine meadow in Qinghai-Tibet Plateau ( 3) The three slopes are all alpine meadow, the most typical and widely distributed ecological system type in the headwaters of the Three Rivers. They are also the main provider of ecosystem services. The conservation of alpine meadow is important for sustainability of ecosystem in the Chinese Water Tower. Our results showed correlation between soil erosion and vegetation coverage demonstrates that native alpine meadow with intact turf and high vegetation coverage had an important ecological function in conserving soil and water. The prevention of alpine meadow ecosystem degradeation in this area is therefore of utmost importance method. 
